The cardiotonic agent amrinone inhibits bone resorption in vitro. Milrinone, an amrinone analog, is a more potent cardiotonic agent with lower toxicity. In contrast to amrinone, milrinone stimulated resorption in cultures of neonatal mouse calvaria and fetal rat limb bones. Threshold doses were 0.1 microM in calvaria and 0.1 mM in limb bones; maximal stimulation occurred in calvaria at 0.1 mM. Maximal responses to milrinone and parathyroid hormone were comparable. Milrinone concentrations below 0.1 mM did not affect calvarial cyclic AMP. 0.5 microM indomethacin inhibited milrinone effects in calvaria but usually not in limb bones. 3 nM calcitonin inhibited milrinone-stimulated resorption and there was no escape from this inhibition. Structural homology between milrinone and thyroxine has been reported. We find similarities between milrinone and thyroxine actions on bone, because prostaglandin production was crucial for the effects of both agents in calvaria but not in limb bones, and neither agent exhibited escape from calcitonin inhibition.
Introduction
We have previously shown that the cardiotonic agent amrinone (5-amino-3,4'-bipyridin- 6 [lH]-one) inhibits stimulated Ca release from neonatal mouse calvaria and fetal rat limb bones in culture (1) . The mechanism ofthis effect is uncertain, although amrinone may be directly affecting a Na-Ca exchange mechanism or some other Ca transport system in bone (2) . Amrinone inhibited macromolecular synthesis in bone tissue, which could explain some but not all of the observed effects (2) . Milrinone (2-methyl-5-cyano- [3,4' -bipyridine]-6[ lH]-one) is an analog of amrinone that differs only in the addition ofa methyl group and the replacement of a cyano for an amino group on one pyridine ring of the drug (3) . Milrinone has been reported to be a more potent cardiotonic agent with lower toxicity than amrinone. This raised the possibility that milrinone would be a better agent with which to study the mechanism of action of this group of cardiotonic agents on bone. Our results revealed unexpected and striking differences in the action ofthese two congeners on bone resorption.
Address all correspondence to Dr. Nancy S. Krieger Organ culture ofbone. Neonatal mouse calvaria (4-6 d) were incubated in culture as described previously (4, 5) . The medium was Dulbecco's modified Eagle's medium (DMEM;' M. A. Bioproducts, Walkersville, MD) supplemented with 15% heat-inactivated (56°C, 60 min) horse serum (Gibco Laboratories, Lawrence, MA). Treatment with hormones and drugs began at time 0 unless otherwise indicated. Medium was changed at least once during each experiment, and fresh treatments were added. Bone resorption was determined by measuring the accumulation of0Ca in the medium at designated intervals.
Fetal rat limb bones were obtained from 19-d fetal Sprague-Dawley rats (Holtzman Co., Madison, WI) after injection of the mothers subcutaneously on the 18th day of gestation with 45CaC12. Limbs were cultured in BGJb medium (Gibco Laboratories) supplemented with 1 mg/ ml bovine serum albumin in stationary culture dishes as described previously (4).
Measurement ofCa. The concentration oftotal Ca in culture medium from neonatal mouse calvaria was measured by automatic fluorometric titration (Calcette; Precision Systems, Inc., Natick, MA). Limb bones were extracted with 0.5 ml of 0.1 N HCI at the end of each experiment. Aliquots of culture medium and extract were analyzed for 45Ca radioactivity by liquid scintillation spectrometry (model 7500; Beckman Instruments, Inc., Fullerton, CA).
,B-Glucuronidase activity. Enzyme activity was determined colorimetrically with phenolphthalein glucuronidate as a substrate (Sigma Chemical Co., St. Louis, MO). Medium aliquots were incubated with substrate in a phosphate buffer at 37'C for 72 h. The reaction was stopped by adding cold glycine buffer and the optical density at 540 nm was assayed.
Assay ofeffects on protein synthesis. Mouse calvaria were cultured as described above. 3H-leucine was added to each tube at a final concentration of 5 MCi/ml during the last hour of culture. At the end ofthe pulse label, cultures were put on ice. Calvaria were removed, washed in ice cold normal saline and then homogenized in 10% TCA + 1 mg/ml unlabeled leucine. Aliquots were removed for total counts 
Results
In contrast to our previous findings with amrinone, milrinone did not inhibit PTH-stimulated bone resorption at concentrations up to 1 mM (data not shown). The preparation of PTH (extract or synthetic fragment) used made no difference. As illustrated in Fig. 1 , milrinone alone stimulated Ca release from both neonatal mouse calvaria and fetal rat limb bones in culture. The drug was more potent in the calvarial system, in which significant stimulation of resorption was observed at 1-' M milrinone and maximal stimulation occurred at 10-4 M. No significant effects of milrinone were observed at concentrations below 10'-M (data not shown). In limb bones significant stimulation was not observed until 10-4 M milrinone was used. Even at effective concentrations there was striking variability in the response of individual limb bones to this agent.
Both amrinone and milrinone have been shown to alter cAMP metabolism in cardiac tissue through inhibition ofphosphodiesterase activity and this effect has been implicated in the mechanism of their cardiotonic action (8) . In addition, cAMP has been suggested as a second messenger in the mechanism of action of PTH effects on bone (9) . Therefore, we examined the ability of milrinone to stimulate cAMP accumulation in bone. The results indicate that milrinone does significantly increase the acute production of cAMP in the calvaria but only at 10-' M (Table I) . This was in contrast to our previous finding that amrinone had no effect on cAMP metabolism in bone (1) .
When the interaction between milrinone and amrinone was tested (Table II) (1) . This inhibitory effect of amrinone was observed either after continuous treatment with both drugs (as in Table II ) or after a 6-h pretreatment with amrinone alone before subsequent addition ofmilrinone (Fig. 2) . When milrinone was present together with amrinone during the 6-h pretreatment, a significant resorptive response to milrinone was then seen after the amrinone was washed out.
The effect of milrinone on protein synthesis in bone was examined to further compare its effects with those of amrinone. As illustrated in Table III , a maximally effective concentration of milrinone had no significant effect on total protein synthesis in the calvaria after 24-h treatment in culture. This was in contrast to the 54% inhibition of protein synthesis by amrinone under the same conditions. A similar lack of effect of milrinone on protein synthesis has been observed after 72-h treatment of calvaria with the drug (data not shown).
Further characterization of milrinone-stimulated bone resorption is presented in Table IV . Lysosomal enzyme release has been found to be associated with hormonal stimulation of Ca release from bone in vitro (10) . Using ,B-glucuronidase activity as a measure of lysosomal enzyme release, it can be seen that stimulation of Ca release by milrinone was paralleled by a stimulation ofB-glucuronidase activity. Calcitonin (CT) completely inhibited both milrinone-stimulated Ca release and f3-glucuronidase activity. Interestingly, there was no escape from the inhibitory effect of CT on either parameter. This was in contrast to the expected loss of inhibition by CT of PTH-stimulated resorption and f3-glucuronidase activity after an initial inhibitory effect. This difference between the time course ofCT-milrinone interaction and PTH plus CT is further illustrated in Fig. 3 . The effects of both stimulatory agents were prevented by 24-h treat- (11) . Because thyroxine has been shown to stimulate bone resorption in vitro (12) (13) (14) , comparisons were made between the effects of thyroxine and milrinone in the calvaria system. The time course ofstimulated Ca release was similar for maximally effective concentrations of both agents (Fig. 4) . In addition, CT completely inhibited resorption stimulated by both milrinone and thyroxine with no apparent escape from this inhibition over the 72 h of the experiment. In the calvaria, thyroxine-stimulated Ca release appears to be mediated by endogenous prostaglandin production (14) . Therefore the ability of indomethacin, a specific prostaglandin synthesis inhibitor, to block the effects of milrinone and thyroxine in this system was examined. Indomethacin completely blocked both thyroxine and milrinone-stimulated Ca release in the calvaria, whereas it had no significant effect on milrinonestimulated resorption in the limb bones in this experiment ( Table   Table III 
Discussion
The results presented here demonstrate that milrinone stimulates Ca release from bone in vitro in a dose-dependent manner. Maximal effects of milrinone were comparable to those of PTH and 1 ,25-(OH)2D3 with respect to the degree of resorption, time course, and effects on lysosomal enzyme release. The stimulatory effect ofmilrinone was in marked contrast to the predominantly inhibitory effect ofamrinone on bone in culture, despite the fact that these two drugs are closely related analogs with comparable cardiotonic effects. A slight stimulation ofbasal Ca release from calvaria had been observed occasionally with low concentrations of amrinone (1), but that effect was not highly reproducible. Milrinone was also different from amrinone in that it had no effect on total protein synthesis, while amrinone significantly P-Glucuronidase activity was measured as described in Methods on medium aliquots after 24 inhibited leucine incorporation into protein in the neonatal mouse calvaria. Although it is unclear what role the effects of amrinone on macromolecular synthesis play in its action on bone, this difference between milrinone and amrinone could partially account for the lower clinical toxicity of oral milrinone compared with oral amrinone in the treatment of congestive heart failure (8) .
When the interaction between milrinone and amrinone was tested, amrinone was able to completely block the stimulatory effect ofmilrinone. We have previously described a unique aspect of the inhibitory effect of amrinone in bone (1) . Inhibition of stimulated bone resorption could be manifested either by continuous treatment with amrinone plus the stimulatory agent or by a relatively short pretreatment with amrinone alone before addition of the stimulator of bone resorption. Inhibition by 6- h pretreatment with amrinone could be prevented if the stimulatory agent was present during the pretreatment period. This pretreatment effect of amrinone was also seen with milrinonestimulated resorption. This further suggests that the mechanism ofthe stimulatory effect ofmilrinone on bone resorption is comparable to that of the more physiologic stimulatory agents.
One other recent report ofa divergence ofeffects ofmilrinone and amrinone described structural homology between milrinone and thyroxine and demonstrated a thyromimetic effect of milrinone on sarcolemma-enriched rabbit myocardial membrane Ca-ATPase activity (I 1). Amrinone did not show similar structural homology and had no effect on the Ca-ATPase activity. Thyroid hormones have been shown to stimulate bone resorption in vitro in both fetal rat limb bones (12, 13) and neonatal mouse calvaria (14) . Thus comparisons were made between milrinone and thyroid hormone effects in the calvaria system. Our results indicate several similarities between the responses of the bones to these two agents. The time course ofmaximally effective concentrations of both drugs was similar. The stimulation of Ca release by both milrinone and thyroxine in calvaria was inhibited by a concentration of indomethacin that has been shown previously to completely inhibit endogenous prostaglandin production (15) . In limb bones, the effects of both milrinone and thyroxine were not generally inhibited by indomethacin. Another similarity in the responses of the bones to stimulation by milrinone and thyroxine is the lack of escape from inhibition by CT. The complete inhibition by CT over 72 h seems to be unique for these stimulators. All (16, 17) . The increased potency of milrinone in mouse calvaria compared with the fetal rat limb bones may be explained as a result of the effect being mediated by prostaglandin production in the calvaria. Several agents, including epidermal growth factor (18, 19) , transforming growth factor (20, 21) , potassium (15) , and thrombin (13) , whose effect on bone resorption is mediated by endogenous prostaglandin production exhibit different potencies in limb bones and calvaria.
Although milrinone is more potent than amrinone, the pharmacology of these two drugs with respect to their positive inotropic and vasodilatory effects has been quite comparable (3) . The mechanism of the cardiotonic action of these bipyridine compounds is not fully understood, but most current evidence suggests that their effects are due to inhibition of specific phosphodiesterase activity (22, 23) . In some systems there are also data to support a more direct effect on Ca transport processes (22, 24) . Because amrinone has no effect and only the highest concentration ofmilrinone tested appears to have effects on cyclic nucleotide metabolism in bone, direct effects on Ca transport may be more important in the actions on bone tissue. Because l0-4 M milrinone did significantly increase cAMP production in the calvaria, we cannot rule out a contribution of phosphodiesterase inhibition to the mechanism of milrinone-stimulated bone resorption. Alternatively, a mechanism totally unrelated to the cardiotonic effects of these agents may be operating in our system. This is supported by the observation that changes in prostaglandin metabolism do not appear to be involved in the cardiotonic effect of milrinone (25) . The possibility of a different mechanism seems more likely, given that milrinone and amrinone have opposing effects on bone resorption. Future studies with these agents and other structural analogs could provide further insights into the mechanism of hormonal control of bone resorption.
